The biased reptation theory has been applied to the pulsed-field electrophoresis of DNA in agarose gels. A computer simulation of the theoretical model that calculates the mobility of large DNA molecules as a function of agarose pore size, DNA chain properties, and electric field conditions has been used to generate mobility curves for DNA molecules in the size range of the larger yeast chromosomes. Pulsed-field electrophoresis experiments resulting in the establishment ofan electrophoretic karyotype for yeast, where the mobility of the DNA fragments is a monotonic function of molecular size for the entire size range that is resolved (200-2200 kilobase pairs), has been compared to the theoretical mobility curves generated by the computer model. The various physical mechanisms and experimental conditions responsible for band inversion and improved electrophoretic separation are identified and discussed in the framework of the model.
The ability to resolve large [>100 kilobase pairs (kbp)] fragments of DNA using pulsed-field electrophoresis represents a major advance in molecular genetics. Schwartz and Cantor (1) demonstrated that yeast chromosomes could be separated in agarose gels by the application of alternately pulsed perpendicularly oriented electric fields. This apparatus as well as modifications of orthogonal field alternating gel electrophoresis systems (2-4) have been used to obtain electrophoretic karyotypes of several microorganisms (5) (6) (7) (8) (9) (10) and to perform long-range restriction mapping of DNA fragments (11) (12) (13) (14) (15) (16) . Other electrophoretic configurations that have been developed to resolve large DNA molecules include the periodic inversion of a single electric field (17) , the use of transverse fields in a vertical electrophoresis apparatus (18) , the application of contour-clamped homogeneous electric fields (19) , and the use of a rotating gel system (20) . In all the pulsed-field electrophoretic systems used thus far, the pulse times have been determined empirically. In the present report, preliminary data are presented describing the separation of large DNA fragments based on a quantitative model of pulsed-field electrophoresis.
Slater and Noolandi (21, 22 ) derived a theoretical model describing the dynamics of DNA molecules electrophoresed in agarose gels. Briefly, the theory considers that the DNA molecule undergoes one-dimensional worm-like motion, termed reptation (23) , in a "tube" formed by the consecutive pores housing the molecule in the three-dimensional mesh of the gel. Under the influence of the electric field and the thermal agitation (Brownian motion), the DNA chain drifts through the tube and new tube sections are continuously formed by the end segment leaving the original tube. Lateral movements of DNA in the gel matrix are not considered, as they cannot lead to net center-of-mass displacement. The equations describing the dynamics of the chain in its tube have been given in previous articles (21, 22, 24, 25) . The motion of the chain is further reduced to discrete jumps of length a along the tube axis, where a is the average pore size of the agarose gel. The time duration of a jump is a function of the instantaneous distance in the field direction, hx, between the ends of the molecule. The direction taken by the jump in the tube (forward or backward) is also a function of h, and includes an element of randomness due to thermal agitation. A computer simulation has been performed with the rules derived from the equations of the biased reptation model (24, 25) . At each step, the end-to-end distance hX is calculated, and the choice of a forward or backward jump and of the direction of the leading end segment is carried out according to biased probability distributions and two random numbers. The time duration of the jump is computed and added to the total time. The mobility of the DNA molecule is then calculated from the displacement of the center-of-mass and the total time elapsed (after typically 105-107 jumps of length a).
Initially, we attempted to separate large DNA molecules by applying an intermittent electric field in which the DNA was subjected to successive rounds of stretching and relaxation during the on and off electric field cycles, respectively. In practice, the DNA chain relaxation times for very large (>300 kbp) DNA molecules are much too long to be used experimentally. The simple electric-field geometry used to establish the field inversion gel electrophoresis (17) for separating large DNA molecules prompted us to attempt to apply the theoretical model to experimental data obtained from a similar electrophoretic system. The results of the application of the computer simulation to the field inversion electrophoresis of yeast chromosomal DNA are presented below.
MATERIALS AND METHODS Sample Preparation. DNA samples were prepared in plugs of 0.5% agarose by diluting the sample in the appropriate buffer (see below) and adding an equal volume of 1.0% (wt/vol) low melting point agarose (Bethesda Research Laboratories) maintained either at 420C or at 450C in the case of yeast cells. The mixture was then immediately aspirated into previously autoclaved silicone tubing (inner diameter, 3/32 inch; 1 inch = 2.54 cm) (6411-63; Cole Parmer, Chicago, IL) and placed at 40C as described (18) . The solidified agarose was cut into 0.5-cm lengths (plugs). The X phage Charon 21A of 41.7-kbp monomer size (26) was amplified in LE392 bacteria in liquid culture by standard techniques (26) . Multimers of phage DNA were prepared from the DNA extracted from the amplified phage (11) . Plugs were prepared from DNA resuspended at 10 mg/ml in TE buffer (10 mM Tris HC1, pH 7.5/100 mM EDTA) for 24 hr at room temperature and stored as described above. The yeast strains A364a, DC04a (both provided by D. Y. Thomas, Biotechnology
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Research Institute, Montreal), and YP80 (provided by P. Hieter, Johns Hopkins University, Baltimore) were cultured by standard techniques and were harvested in stationary growth phase. Yeast cells were entrapped in agarose using modifications of published procedures (1) . Briefly, 1 In a typical experiment, a pulse of +2 V/cm was applied for T+2 = 150 sec followed by a pulse of -1 V/cm lasting T_1 = 60 sec; this sequence of total time duration T+2 + T-1 = 210 sec was then repeated for 65 hr. In another experiment, three different pulse sequences were applied for equal durations during the electrophoresis. The temperature of the buffer during the electrophoresis was found to increase by only 2°C-3°C and, therefore, buffer cooling and recirculation were not required. The power supply was built and designed at the Xerox Research Centre of Canada. It is a self-contained direct current power supply with two built-in timers to control the intervals T-1 and T+2 for each cycle. A switch is provided to select the polarity of the output during the second part of the cycle. The electrophoresed DNA was stained in the gel with ethidium bromide (1 ttg/ml) and was visualized using an ultraviolet transilluminator equipped with a standard gel photography apparatus.
Southern Blot Hybridizations. Gels containing electrophoresed DNA were twice treated with 0.25 M HCl for 10 min to depurinate the DNA. Following a 45-min denaturation treatment in 0.5 M NaOH and 0.5 M NaCl, the gels were allowed to renature for 2 hr in 1 M Tris (pH 7.6) and 0.6 M NaCl. The DNA was transferred to nitrocellulose filter paper by the method of Southern (27) . The filters were then baked for 2 hr at 80'C. Prehybridization and hybridization ofthe filters were performed as described elsewhere (28 (Fig. 1C) . The electrophoretic banding pattern of the different yeast strains for T+2 = 150 sec (Fig. 1C) is similar to those observed using other pulsed-field electrophoresis systems (3, 4, 10, 17) , although Southern blotting (Fig. 1D) indicates that the mobility of chromosome IV [=1600 kbp (30) ] as detected using probe YRp7 is greater than that of the smaller sized chromosome VII [~1100 kbp (30) ], which can be identified using probe pADI7/Bgl I12. The yeast strain YP80 has a deletion of the chromosome IV-specific TRP1 gene for which YRp7 is a probe and, hence, the chromosome IV electrophoretic band of YP80 is not detected using YRp7 (Fig. 1D ). 1 Electrophoresis was carried for a total of 65 hr (A and B) and 68 hr (C). The electrophoresed DNA for the T+2 = 150 sec and T-1 = 60 sec pulse time (C) was transferred to nitrocellulose filter paper and hybridized using the 32P-labeled DNA probe YRp7, which is specific for chromosome IV (D). The same filter was then hybridized with DNA probe pADl7/Bgl 112, which is specific for chromosome VII (D). In both cases, exposure times for the autodiograms were 24 hr.
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The nature of the apparently anomalous mobility of the chromosome IV band relative to that of the band containing chromosomes VII and XV (which comigrate in the yeast strains analyzed here; see Fig. 1 C and D) was further investigated by increasing the pulse times (Fig. 2) . In Fig. 2A , chromosome IV (which hybridizes to YRp7) demonstrates a lower electrophoretic mobility (Fig. 2B) than that of chromosome XV (which is detected using Mp8HIS3), indicating that the expected band order for chromosomes IV and XV has been obtained by increasing the pulse time durations to T+2 = 225 sec. In Fig. 2C, T+2 has been increased to 300 sec and the electrophoretic mobility of the chromosome XV fragment is again observed to be greater than that of the chromosome IV fragment (Fig. 2D) . Also, the physical separation between the two electrophoretic bands (Fig. 2D) is increased relative to the shorter T+2 = 225 sec pulse (Fig.  2B ), indicating that a better resolution of the two bands can be achieved by lengthening the pulse duration.
Biased Reptation Model of Pulsed-Field Electrophoresis. A computer simulation of the biased reptation model was performed to test the suitability of the reptation theory in describing the mobility of large DNA fragments in pulsedfield conditions. Ten parameters enter the simulation: the two fields (E-1 and E+2) and their time duration (T-1 and T+2) in the pulse sequence, the size of the DNA molecule, the total (size-dependent) friction coefficient () of the molecule in the tube, the average pore size (a) of the gel, the persistence length (p) of DNA, the screening factor (or) related to the strength of the buffer, and the temperature. Fig. 3 presents the mobility curves obtained from the computer simulation of the biased reptation theory as the pulse duration T+2 is increased from 20 to 1000 sec (T+21T-l = 2.5) for three DNA fragment sizes; 1100, 1600, and 2200 kbp, which correspond, respectively, to the sizes of chromosome XV and VII, chromosome IV, and chromosome XII. The curves show three general features predicted by the biased reptation model: the mobility of large fragments is a slowly increasing function of molecular size for small values of T+2; the mobility increases monotonically with the pulse duration (T+2), and separation as well as the correct band order can be obtained by a suitable choice of T+2.
For smaller DNA molecules (<300 kbp), there is excellent agreement between the measurements of the mobilities of the smallest two chromosomes (200-300 kbp) in Fig. 1A for all values of T+2 and the theoretical curves, which are not shown here. In particular, the mobility is observed to increase monotonically with T+2 and separation is observed for T1 = 90 sec (A) and T+2 = 300 sec and T-1 = 120 sec (C). The electrophoresis was carried out for a total of 65 hr in both cases. The electrophoresed DNA (A and C) was transferred to nitrocellulose filter paper and hybridized sequentially with probes YRp7 and Mp8HIS3 (B and D), which detect the electrophoretic bands corresponding to chromosomes IV and XV, respectively. The autoradiograms were exposed for 24 (32) . The number of pores housing a molecule-i.e., the number of segments corresponding to a given fragment size (in kbp)-was evaluated using the procedure suggested in ref. 33 T* 1(K) for K = 200-300 kbp. The biased reptation theory, therefore, offers a satisfactory description of the physics that govern the mobility DNA fragments less than =300 kbp.
For larger (>300 kbp) yeast chromosomes, theory and experiment differ qualitatively with respect to the monotonic increase predicted by the biased reptation model. Examination of the effect of pulse duration T+2 on the mobility of the larger yeast chromosomes reveals that physical mechanisms other than reptation may also affect the migration of the larger DNA molecules. For short pulse time durations (T+2 = 2.5 sec and T+2 = 10 sec; not shown here), all chromosomes comigrate at 51 ± 2 mm after 65 hr of electrophoresis. The two smallest chromosomes (=200 and -225 kbp), as well as the X phage multimers (multiples of 41.7 kbp) are observed to migrate at increasing distances (>51 mm) for T+2 > 50 sec (see Fig. 1 ). The largest chromosomes (>300 kbp) initially display a decreased mobility as T+2 increases (see Fig. 1C ). For much longer pulses (T>2 = 3000 sec), it was observed (data not shown) that the chromosomes comigrate at 65 ± 3 mm after 65 hr of electrophoresis, in which case the electrophoresis can be considered as made of a series of continuous field experiments. The larger yeast chromosomes (>300 kbp), therefore, show a sudden decrease in mobility in a distinct molecular size-dependent range of pulse durations but otherwise follow the general increase in mobility shown by smaller (<300 kbp) DNA fragments when T+2 increases, as predicted by the reptation model.
Applications to Genetic Mapping in Yeast. To maintain a monotonic relationship between electrophoretic mobility and DNA fragment size, while preserving the separation of all the bands in the yeast electrophoretic karyotype, the pulse times (T+21Tj = 2.5) were varied over a 72-hr electrophoresis time. A T+2 = 75 sec pulse was applied over the first 24 hr of electrophoresis to resolve the smaller yeast chromosomes.
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During the second 24 hr of electrophoresis, a T+2 = 150 sec pulse was used to resolve the yeast chromosomes of intermediate size. A T+2 = 300 sec pulse was applied during the final 24 hr of electrophoresis to separate the larger chromosomes. The results of this experiment are summarized in Fig.  4A . Southern blotting (Fig. 4 B and C) using the yeast chromosome-specific DNA probes allows the assignment of electrophoretic bands to, in order of increasing mobility, chromosomes XII (-2200 kbp) using pSZ1, IV (=1600 kbp) using YRp7, and XV (=1100 kbp) using Mp8HIS3, in three strains A364a, DCO4a, and YP80. The expected DNA size versus band mobility relationship is therefore observed in Fig. 4 , and minor differences in band length are due to karyotypic differences between the three yeast strains that can be resolved using the pulsed-field electrophoresis technique. This sequence of pulses applied during the electrophoresis results in a high-resolution electrophoretic karyotype for yeast, where the mobility is a monotonic function of DNA size for all fragments resolved in Fig. 4 (data not  shown) .
DISCUSSION
Several elegant experimental systems have been developed (1, 3, (17) (18) (19) (20) with the purpose of separating large (>100 kbp) molecules of DNA. There has been no previous attempt, however, to quantitate the mobilities of the DNA fragments separated in these apparatuses, nor has there been any formal discussion of the physics that underlie the mechanisms by which separation was achieved. The results in Fig. 3 represent an attempt to apply a theoretical model to pulsed-field electrophoresis. The theoretical curves (Fig. 3) agree with the experimental data with respect to two critical observations in pulsed-field electrophoresis: firstly, the model predicts that large fragments do not necessarily migrate in order of molecular size (Fig. 1C) ; secondly, the mobility of all fragments increase by a common factor when pulse duration times are increased. , and YP80 (lane 3) were electrophoresed by applying a sequence of pulse times during a 72-hr electrophoresis experiment (A). The time durations of the forward (+2 V/cm) and inverse (-1 V/cm) pulses were T+2 = 75 sec and T-1 = 30 sec during the first 24 hr of electrophoresis. The pulse times were increased to T+2 = 150 sec and T-1 = 60 sec during the second 24 hr, and to T+2 = 300 sec and T_1 = 120 sec during the final 24-hr period. The electrophoresed DNA was transferred to nitrocellulose filter paper and hybridized sequentially with probes YRp7 and pSZI (B) , which detect the electrophoretic bands corresponding to chromosomes IV and XII, respectively. Autoradiographic exposure times (B) were 24 hr. The samples run in parallel in the same electrophoresis apparatus yielded an identical pattern of band mobilities (data not shown) and were similarly transferred and hybridized using the chromosome XV-specific DNA probe Mp8HIS3 (C), and the autoradiogram was exposed for 6 days.
That a DNA molecule of larger size can display a mobility greater than that of a smaller-sized molecule was explained, in the case of continuous field electrophoresis, by a physical phenomenon that we have termed DNA "self-trapping" and for which we have developed a theoretical argument and presented experimental evidence in a separate report (25) . Briefly, DNA molecules in a certain size range that are constrained in a gel can be trapped for extended periods of time in conformations of near-zero mobility, which minimize the distance h. between the ends of the DNA molecule. Since the mobility of a DNA molecule is determined by hl, fragments that display a circular loop conformation, where h.
is small, will not move until a change in conformation occurs as a result of thermal fluctuations. In fact, strong band inversion is observed for fragments <100 kbp in pulsed-field conditions, as predicted by the biased reptation model. This effect can be greatly reduced by a good choice of pulse conditions (unpublished data).
A nonreptation mechanism also adds a resonance-like decrease in mobility in a size-dependent range of pulse durations for large (>300 kbp) fragments (Figs. 1 and 2) ; moreover, this decrease in mobility may also be accompanied by a nonmonotonic mobility-size relationship (Fig. 1) . The wide electrophoretic separation of yeast chromosomes ( Figs.  1 and 2 ) is, therefore, related both to the increase in mobility predicted by the biased reptation theory with the use of unequal fields (RE # 1) and to the decrease due to this nonreptation mechanism. It should be noted that no reptation-driven separation is predicted by the biased reptation model if the two fields are of equal intensity (RE = 1) such that (RTRE -R 2)/(RTR -1) = 1 (see Materials and Methods). The separation of DNA molecules achieved in the FIGE system (17) where equal fields are used (RE = 1) will be due only to the nonreptation mechanism, defined as resonance (17) Fig. 3) reduces to K > 500 kbp for the DNA fragment size limit above which the biased reptation model does not completely describe the mobility. This is in reasonable agreement with the value of =300 kbp observed to be the minimum molecular size leading to a "resonance-like" decrease in mobility (Fig. 1 ).
In the case where the time scale of the tube disengagement is less than that of intramolecular modes of relaxation (TE < TR), the DNA chain is no longer in equilibrium in its tube. (Fig. 3 ) may also necessitate better estimates of certain physical parameters involved in the electrophoresis of DNA in agarose gels. For example, physical measurements of the agarose gel pore size distribution will allow improvements in the results of the computer simulation in which a single average pore size (Fig. 3) is presently assumed. Optical measurements (35, 36) have recently confirmed the alignment and stretching of DNA in the field direction that is predicted by reptation theory. These experimental techniques (35, 36) may also allow more direct measurements of parameters, such as the number of segments corresponding to a given fragment size, which are required for the computer simulation (Fig. 3) .
A quantitative model of DNA gel electrophoresis such as the one that we are developing will offer distinct advantages related to the construction of long-range restriction maps of genetic loci, such as the major histocompatibility complex (13) and the Duschenne muscular dystrophy gene (14) (15) (16) , which span large regions of the human genome. Firstly, given the difficulty in accurately sizing DNA molecules by comparing their mobilities to those of size standards, it would be very useful to determine the size of the DNA molecule directly from the measured mobility making use of universal theoretical curves such as those presented in Fig. 3 . Secondly, the optimal pulse conditions for resolving DNA molecules in a given size range can be predicted using the quantitative model. This should permit the construction of restriction maps with the highest possible degree of resolution for DNA fragment lengths from 1 kbp to >2000 kbp using simple experimental conditions such as those used to obtain the electrophoretic yeast karyotype shown in Fig. 4 . By using scaling laws derived from the biased reptation model, it will be possible to further improve the experimental system by reducing the total electrophoresis time, which is 72 hr in Fig.  4 . Finally, a fundamental understanding of the electrophoresis of large DNA fragments permits the quantitative description of DNA self-trapping and band-inversion and allows these effects, which may very seriously complicate long range restriction mapping of genomic DNA, to be identified and eliminated by using appropriate experimental parameters, which can be derived from the theoretical model.
